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Abstract. The epithelium �EP� thickness and the standard deviation
�SD� of A-mode scan intensity in the laminar propria �LP� layer are
used as effective indicators for the diagnosis of oral submucous fibro-
sis �OSF� based on the noninvasive clinical scanning of a swept-
source optical coherence tomography �OCT� system of �6 �m in
axial resolution �in tissue� and 103 dB in sensitivity. Compared with
the corresponding parameters in healthy oral mucosal mucosa, in
OSF mucosa, the EP thickness becomes smaller and the SD of A-mode
scan intensity in the LP layer �LP SD� also becomes smaller. The LP SD
can also be used for effectively differentiating OSF �small LP SD� from
lesion �large LP SD�. This application is particularly useful in the case
of a lesion without a clear surface feature. Meanwhile, the use of the
SD of A-mode scan intensity in the EP layer �EP SD� can further help in
differentiating OSF �medium EP SD� from healthy oral mucosal �small
EP SD� and lesion �large EP SD� conditions. Compared with the con-
ventional method of maximum mouth opening measurement, the use
of the proposed OCT scanning results can be a more effective tech-
nique for OSF diagnosis. © 2009 Society of Photo-Optical Instrumentation Engineers.
�DOI: 10.1117/1.3233653�

Keywords: biomedical optics; image acquisition; recording; image analysis;
tomography.
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Introduction

ral submucous fibrosis �OSF� is a chronic progressive scar-
ing oral disease predominantly affecting people of South
sian origin. It is characterized by juxtaepithelial inflamma-

ory cell infiltration followed by fibrosis in the lamina propria
LP� and submucosa layers of the oral mucosa. Several factors
ave been proven to be involved in the etiology of OSF. Epi-
emiologic studies have shown the intimate relationship be-
ween the habit of chewing areca quid �AQ� and OSF.1–3 Re-
ent studies have also demonstrated that all OSF patients have
he AQ chewing habit.4,5 In Taiwan, there are two million
eople who have the AQ chewing habit.6 An OSF incidence
f 0.1 to 3.4% among AQ chewers has been reported.7–11

Although the pathogenesis of OSF has been so far unclear,
revious studies have suggested that the occurrence of OSF
ay be attributed to increased collagen synthesis and de-

reased collagen degradation. The increased collagen produc-
ion may be due to clonal selection of fibroblasts with a high
mount of collagen production during the long-term exposure
o AQ ingredients,12,13 stimulation of fibroblast proliferation

ddress all correspondence to: C. C. Yang, Institute of Photonics and Optoelec-
ronics, National Taiwan University, 1 Roosevelt Road, Section 4, Taipei, Taiwan
0617. Tel: 886-2-23657624; Fax: 886 2 23652637; E-mail:
cy@cc.ee.ntu.edu.tw
ournal of Biomedical Optics 054008-
and collagen synthesis by areca nut alkaloids,14 or fibrogenic
cytokines secreted by activated macrophages and T lympho-
cytes in the OSF tissue.15 The decreased collagen degradation

may be due to the decreased secretion of collagenase16 and the
deficiency in collagen phagocytosis by OSF fibroblasts,17

areca nut alkaloids–stimulated production of tissue inhibitors
of metalloproteinases that in turn lower collagenase
activity,18,19 production of collagen with more stable structure
�collagen type I trimer� by OSF fibroblasts,13 stabilization of
collagen structure by ���-catechin and tannins from areca

nut,20,21 and an increase in collagen cross-linkages caused by
upregulation of lysyl oxidase by OSF fibroblasts.22,23

Clinical diagnosis of OSF is usually made based on several
characteristic features of OSF, including intolerance to spicy
foods, blanching and stiffness of the oral mucosa, fibrous
bands in the buccal or labial mucosa, and progressive inability
to open the mouth. Some OSF patients may also have the
following symptoms: burning sensation in the mouth, xeros-
tomia, presence of vesicles or ulcers on the oral mucosa, de-
papillation of the tongue, and impaired tongue mobility. Vari-
ous surgical and nonsurgical modalities have been proposed
for the management of OSF. The former includes excision of

1083-3668/2009/14�5�/054008/7/$25.00 © 2009 SPIE
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brous bands, placental grafts,24 skin grafts, splitting of the
emporalis tendon and coronoid process,25 and lingual pedicle
aps.26 The latter includes local injections of steroids, hyalu-
onidase, human placenta extracts, and chymotrypsin; multi-
itamin therapy; and physiotherapy.27 Surgical treatments are
ainly designed to improve the extent of mouth opening.
onsurgical treatments are carried out not only to increase
outh opening but also to improve the symptoms and signs in
SF patients.27,28 However, none of these previously pro-
osed treatment modalities have proved curative or have re-
uced the morbidity significantly.

So far, the most quantitative approach for OSF diagnosis is
he measurement of maximum mouth opening �MMO�, which
s measured from the cutting edge of the upper central incisor
o the cutting edge of the corresponding lower central incisor.
owever, this approach is quite indirect and does not provide

nformation on the real condition of patient’s oral mucosa.
lthough OSF can be diagnosed clinically, it often needs a
iopsy to confirm the clinical diagnosis. Therefore, it would
e beneficial to have a real-time, noninvasive diagnostic tech-
ique, such as optical coherence tomography �OCT�, to re-
lace the incisional biopsy for OSF diagnosis. OCT has
roven to be a useful technique for diagnosing diseases in the
ral cavity. The images of human teeth and oral mucosa ob-
ained by using a time-domain OCT system were first taken in
998.29–31 In 2004, ex vivo OCT images of malignant mucosa
f hamster cheek punches were obtained.32–34 Later, in vivo
nd three-dimensional �3-D� images of the same subject were
lso reported.35,36 In clinical application of OCT to oral cancer
iagnosis, in vivo benign and malignant human oral mucosa
mages were compared.37 In addition, OCT has been used for
he study of laryngeal cancer38,39 and the evaluation of
adiation-induced oral mucositis.40,41 Recently, based on the
linical scanning of a swept-source OCT �SS-OCT� system,
hree indicators have been proposed for effectively diagnosing
ral cavity lesions, including the epithelium �EP� thickness,
he standard deviation �SD� of A-mode scan intensity profile
n the EP layer, and the decay constant of the spatial-domain
pectrum of A-mode scan profile.42,43 In a lesion, usually the
P thickness becomes larger if the boundary between the EP
nd LP layers can still be identified. Also, the SD becomes
arger and the aforementioned decay constant becomes
maller.

In this paper, we report the results of the clinical scanning
f OSF patients and the statistical analyses of a few param-
ters, which can be used as the effective indicators for OSF
iagnosis, based on an SS-OCT system.

Methods and Materials
he layout of the portable SS-OCT system and its operation
pecifications used in the hospital for clinical scanning has
een shown in an earlier publication of the same group.43 A
weeping-frequency laser source �Santec� with the output
pectral sweeping full-width at half-maximum of 110 nm,
entered at 1310 nm, is used as the light source, which can
rovide 6 mW in output power and 20 kHz in sweep rate. The
ight source is connected to a Mach-Zehnder interferometer
onsisting of two couplers and two circulators. The interfer-
nce fringe signal is detected by a balanced photodectector
PDB150C, Thorlabs� and sampled by a high-speed digitizer
ournal of Biomedical Optics 054008-
�PXI-5122, National Instruments�. The laser power incident
onto the tissue sample is around 1.5 mW. The achieved SS-
OCT system sensitivity and axial resolution in free space are
103 dB and 8 µm ��6 µm in tissue� at the depth of 1 mm,
respectively. In the sample arm, the lateral scanning is imple-
mented with a handheld probe consisting of a linear stepping
motor �Haydon�, which is used to achieve a scanning speed of
10 cm/s and a 1-cm scanning length. In clinical application,
the whole probe is wrapped by a plastic plate to protect the
optical components inside the probe. After the scanning of a
patient, the wrapped plastic plate is discarded and the whole
probe is sterilized with 70% ethanol. The lateral resolution of
SS-OCT scanning is 15 µm. With this SS-OCT system, an
image frame consisting of 2000 A-mode scans can be ac-
quired within 0.1 s. The 2-D image has a pixel size of
7 µm � 5 µm.

For statistical analysis, 44 OSF samples were obtained
from 44 patients. Also, 44 healthy samples were obtained
from 26 healthy volunteers. Meanwhile, 29 lesion samples
and 44 normal control samples were obtained from another 29
patients. The OCT data of the normal control samples were
obtained by scanning the surrounding regions of the lesions,
in which mucosa looks normal on the surface. It is noted that
a normal control sample is not necessarily healthy. All the
samples under study belong to the category of buccal mucosa.
All the patients have both habits of chewing AQ and smoking.
Clinical diagnosis of OSF was made when a patient showed
the characteristic features of OSF in the clinics, including
blanching and stiffness of the oral mucosa, fibrous bands in
the buccal or labial mucosa, and difficulty in opening the
mouth. The MMO of all the OSF patients were recorded. A
few OSF samples were confirmed by biopsy. All the lesion
samples were diagnosed with biopsy.43

Fig. 1 Typical histology images of �a� healthy and �b� OSF mucosa.
The grain structure at the bottom in OSF mucosa corresponds to a
salivary gland �SG�.
September/October 2009 � Vol. 14�5�2
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Results
.1 Analysis of Histology Image
igures 1�a� and 1�b� show the typical histological micropho-

ographs of almost healthy mucosa �with a very mild lympho-
ytic infiltrate in the upper LP layer� and OSF mucosa, re-
pectively. Here, one can see the irregular boundary between
he EP and LP layers, with the EP thickness in most portions
arger than 500 µm. Also, line structures, as indicated by ar-
ows, of blood vessels can be seen in the LP layer. In contrast,
n OSF mucosa, the EP layer becomes significantly thinner
nd the boundary between the EP and LP layers becomes
moother. Meanwhile, in the LP layer, particularly in a depth
ange of several hundred µm below the EP/LP boundary, the
mage contrast looks homogeneous, indicating the collagen-
ich OSF tissue structure. In Fig. 1�b�, the grain structure at
he bottom corresponds to a minor salivary gland �SG�.

To further realize the mucosal characteristics described
arlier, the contrast intensity distributions of the two histologi-
al microphotographs are digitized for analyzing the statistics

ig. 2 Contrast intensity distributions of the histology images in Figs.
�a� and 1�b� along the two marked vertical lines, designated as
ealthy and OSF curves. The individual EP layers are marked in the
gure. The horizontal bars indicate the depth ranges for SD analysis.

ig. 3 Comparison of LP SD variations in B-mode scan between the
ealthy and OSF samples in the histology images shown in Figs. 1�a�
nd 1�b�. The lateral ranges used for this analysis are indicated by the
orizontal bars in Figs. 1�a� and 1�b�.
ournal of Biomedical Optics 054008-
of EP thickness and LP tissue microstructure. Figure 2 shows
the line-scan contrast intensity distributions of the histological
microphotographs in Figs. 1�a� and 1�b� along the two marked
vertical lines, designated as the Healthy and OSF curves.
Here, the lower intensity ranges �darker contrast in the histo-
logical microphotograph� correspond to the EP layers. The EP
thickness in the OSF sample is indeed smaller than that in the
healthy oral mucosal sample. It is noted that in a depth range
of about 500 µm directly below the EP/LP boundary in the
OSF sample, the contrast intensity fluctuation is significantly
weaker than that in the corresponding range of the healthy
oral mucosal sample. This result confirms the observations in
Figs. 1�a� and 1�b�. The difference in contrast intensity fluc-
tuation can be quantified by the comparison of the intensity
SD between the two samples. Figure 3 shows the comparison
of SD �LP SD� variation along the lateral dimension �B-mode
scan� between the healthy oral mucosal and OSF samples in
the lateral ranges indicated by the horizontal bars in Figs. 1�a�
and 1�b�. For each vertical line �A-mode scan� in either Fig.
1�a� or 1�b�, the SD is evaluated using a depth range of his-
tological contrast intensity between 100 and 200 µm below
the EP/LP boundary, as indicated by the horizontal bar for
either healthy oral mucosal or OSF sample in Fig. 2. Although
the SD value in either sample fluctuates along the lateral po-
sition, the average SD value of the OSF sample �0.199� is

Fig. 4 Typical SS-OCT scanning images of �a� healthy and �b� OSF
mucosa. Glands or vessels can be observed in the healthy mucosa, as
symbolized by the dark spots and indicated by the arrows.

Fig. 5 A-mode scan intensity profiles of OCT indicated by the vertical
lines in Figs. 4�a� and 4�b� for healthy and OSF samples, respectively.
The horizontal bars indicate the depth ranges of the A-mode scan
profiles for SD analysis.
September/October 2009 � Vol. 14�5�3
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ignificantly smaller than that of the healthy oral mucosal
ample �0.479�. Therefore, the decrease of EP thickness and
he more homogeneous tissue structure in the LP layer �ho-

ogeneous backscattering in OCT operation� can be used as
he two effective indicators for diagnosing OSF based on
CT scanning.

.2 Scanning Results of Optical Coherence
Tomography

igures 4�a� and 4�b� show typical SS-OCT scanning images
f healthy oral and OSF mucosa, respectively. Here, similar to
hat is observed in the histological microphotographs, the EP

hickness is significantly thicker in the healthy oral mucosa.
lso, salivary glands or blood vessels can be observed in the
ealthy oral mucosa, as symbolized by the dark spots and
ndicated by the white arrows. In contrast, in the OSF sample,
uch features become blurred. In Fig. 5, the solid �black� and
ashed �red� curves show the A-mode scan intensity profiles
ndicated by the vertical lines in Figs. 4�a� and 4�b�, respec-
ively. It is noted that before analyzing and comparing the
CT images, we normalize the raw data of each 2-D image
y the maximum value of the individual image such that the

ig. 6 Lateral variations of EP thickness of the healthy and OSF
amples in the depth ranges indicated by the horizontal bars shown in
igs. 4�a� and 4�b�, respectively.

ig. 7 Lateral variations of LP SD of the healthy and OSF samples in
he depth ranges indicated by the horizontal bars shown in Figs. 4�a�
nd 4�b�, respectively.
ournal of Biomedical Optics 054008-
image intensity is always between 0 and 1. In Fig. 4, the
thinner EP layer and weaker intensity fluctuation in the upper
LP layer of the OSF sample, when compared with those of the
healthy oral mucosal sample, can be clearly seen. In Fig. 6,
we show the lateral variations of the EP thickness of the
healthy oral mucosal and OSF samples in the ranges indicated
by the horizontal bars in Figs. 4�a� and 4�b�, respectively. The
difference between the two samples is clear. Then, the lateral
variations of SD values in the LP layers �LP SD�, as calcu-
lated in a depth range between 100 and 200 µm below the
EP/LP boundary, of the two samples are shown in Fig. 7.
Again, the average SD value over the B-mode scan range in
the healthy oral mucosal sample �0.208� is larger than that in
the OSF sample �0.125�. Therefore, the OCT scan results
show the same variation trends of the EP thickness and the
signal intensity SD in the LP layer as those of the histology
analysis.

For statistical analysis, 44 OSF and 44 healthy samples are
used. To obtain a data point of EP thickness �SD in the LP
layer� from a sample, the results in a B-mode scan range of 1

Fig. 8 EP thickness data points of the healthy, OSF, lesion, and normal
control sample groups. The data points are arranged in the decreasing
orders.

Fig. 9 Data points of average LP SD of the healthy, OSF, lesion, and
normal control sample groups. The data points are arranged following
the sample orders in Fig. 8.
September/October 2009 � Vol. 14�5�4
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m �8 mm� are averaged. The SD value in an A-mode scan is
btained by using the profile range between 100 and 200 µm
elow the EP/LP boundary. The solid squares and solid circles
n Fig. 8 represent the EP thickness data points of the healthy
ral mucosal and OSF samples, respectively. They are ar-
anged in the decreasing order such that each sample can be
dentified in the following figures. Here, one can see that these
wo groups of data do not overlap, indicating that the EP
hickness can be used to clearly differentiate OSF sample
rom healthy oral mucosal samples. The sensitivity and speci-
city of using EP thickness as a diagnosis indictor for differ-
ntiating OSF from healthy oral mucosal samples are shown
n Table 1. Here, one can see that if we choose an EP thick-
ess between 350 and 400 µm as the criterion, both sensitivity
nd specificity can reach 100%.

Similar to Fig. 8, the average SD values in the LP layers
LP SD� of the healthy oral mucosal and OSF samples are
hown in Fig. 9. Here, the two sets of data are arranged fol-
owing the same sample orders as those in Fig. 8. One can see
hat the healthy oral mucosal and OSF data points overlap in
he SD range between 0.19 and 0.22. As shown in Table 2 for
he sensitivity and specificity of using the average SD value in
he LP layer as a diagnosis indicator, the optimized SD value
s the diagnosis criterion is around 0.2, with which around
5% sensitivity and 95% specificity can be achieved.

Discussions
s discussed earlier, in OSF, the EP layer becomes thinner

nd the SD of the A-mode scan intensity in the LP layer
ecomes smaller when compared with healthy oral mucosa.
n the other hand, when a lesion starts to evolve, in the stages
f epithelial hyperplasia, mild to moderate dysplasia, and
oderate dysplasia, the EP layer becomes thicker when the
P/LP boundary can still be identified. It has been shown that

he increased EP thickness can be used as an effective diag-
osis indicator for a lesion.43 However, when an early-stage
esion, which may have an unclear surface feature, coexists
ith OSF in the oral cavity of a patient, the variation of EP

hickness may lead to difficulty in differentiating between

Table 1 Specificity and sensitivity of using var
based on 44 OSF and 44 healthy oral mucosal s

EP thickness ��m� 200 250

Sensitivity �%� 52.3 79.5

Specificity �%� 100 100

Table 2 Specificity and sensitivity of using va
evaluated based on 44 OSF and 44 healthy oral

Standard deviation �SD� 0.17 0.18

Sensitivity �%� 29.5 47.7

Specificity �%� 100 100
ournal of Biomedical Optics 054008-
healthy tissue, lesion, and OSF. The coexistence of lesion and
OSF can often be observed in the oral cavity of a patient who
has the habit of chewing AQ. In this situation, further under-
standing of the variations of EP thickness and the SD of
A-mode scan intensity among various mucosal conditions is
important. In Fig. 8, we also show the EP thickness data of 29
lesion samples from 29 patients who were diagnosed to have
epithelial hyperplasia, mild to moderate dysplasia, or moder-
ate dysplasia. Also shown are the similar data of 44 normal
control samples, which were obtained from the oral cavity
portions around the lesions of 29 patients. In such a portion,
mucosa looks normal from its clinical appearance. The data of
such normal control scanning were used for comparison with
the lesion parameters for lesion diagnosis.43 In Fig. 8, one can
see that the EP thickness values of normal control samples are
quite close to those of OSF and are significantly smaller than
those of the healthy oral mucosal samples. However, those of
lesion samples cover a broad range and significantly overlap
with the ranges of healthy oral mucosal, OSF, and normal
control samples. Therefore, when an OCT scan leads to the
observation of a thin EP layer, we may face the difficulty of
differentiating between lesion, OSF, and normal control. On
the other hand, when we observe a thick EP layer in an OCT
scan, we may face the difficulty of differentiating between the
lesion and healthy conditions.

To overcome these difficulties, we also show the data of
average LP SD of the lesion and normal control samples in
Fig. 9. Here, one can see that in spite of certain overlaps, the
two groups of LP SD data points, including the low level of
OSF and normal control samples and the high level of healthy
oral mucosal and lesion samples, can be clearly differentiated.
The similar EP thickness and LP SD values between normal
control and OSF samples imply that most “normal control”
samples obtained from those patients have OSF structures.
This implication is highly possible because all those patients
have the habit of chewing AQ. In the oral cavity of such a
patient, a lesion usually evolves from an extended region of
OSF condition. Therefore, when we scan a region outside but
near a lesion, the mucosa there is expected to have an OSF

thickness values for diagnosing OSF evaluated
.

350 400 450 500

100 100 100 100

100 100 97.7 88.6

SD values in the LP layer for diagnosing OSF
al samples.

19 0.2 0.21 0.22 0.23

.6 84.1 90.9 100 100

00 95.5 84.1 65.9 27.3
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300

93.2
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ondition. Hence, an OSF sample can be differentiated from
he other three sample groups if the EP thickness is small and
he LP SD is small. To further differentiate among different
ample groups, we show the data of the average SD of
-mode scan in the EP layer �EP SD� of all the sample groups

n Fig. 10. An EP SD value was obtained by analyzing the
-mode scan range between 30 and 180 µm below the mu-

osa surface. The average EP SD was obtained by averaging
he results over a B-mode scan range of 8 mm. Here, in spite
f significant overlaps, based on the average EP SD values,
he samples can be clearly classified into three categories,
hich are a low level of healthy oral mucosal samples, a high

evel of lesion samples, and an intermediate level of OSF and
ormal control samples. Therefore, by using the three indica-
ors of EP thickness, LP SD, and EP SD, different mucosal
onditions can be systematically differentiated.

In conventional diagnosis of OSF, the measurement of
MO is usually used as an important indicator. We have clas-

ified the OSF samples into three groups based on the MMO
alues of those patients. In Figs. 11 and 12, we show the EP
hickness and the average LP SD data, respectively, of those

ig. 10 Data points of average EP SD of the healthy, OSF, lesion, and
ormal control sample groups. The data points are arranged following

he sample orders in Fig. 8.

ig. 11 EP thickness data points of the OSF samples grouped by dif-
erent MMO ranges.
ournal of Biomedical Optics 054008-
three MMO groups �0 to 2, 2 to 3, and 3 to 4 cm�. Here, one
can see that in either EP thickness or average LP SD, the data
of three MMO groups significantly overlap even though the
trends of smaller EP thickness and smaller average LP SD are
consistent with that of smaller MMO. The results shown here
imply that using EP thickness and average LP SD in the LP
layer can be a more effective OSF diagnosis technique, when
compared with the conventional method of measuring MMO.

5 Conclusions
In summary, we have demonstrated the use of the EP thick-
ness and the SD of A-mode scan intensity in the LP layer as
effective indicators for OSF diagnosis based on the clinical
scanning of 44 OSF patients with an SS-OCT system of �6
µm in axial resolution �in tissue� and 103 dB in sensitivity.
Compared with the corresponding parameters in healthy oral
mucosa from 44 volunteers, the EP thickness became smaller
and the LP SD also became smaller. The LP SD could also be
used for effectively differentiating OSF �small LP SD� from
lesion �large LP SD�, which is particularly useful for the pos-
sible case of a lesion without a clear surface feature. Mean-
while, the use of the EP SD could further help in differenti-
ating OSF �medium EP SD� from healthy �small EP SD� and
lesion �large SD� conditions. Compared with the conventional
method of measuring MMO, the use of the proposed indica-
tors can be a more effective technique for OSF diagnosis.
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